Based on the spectrum fitting method applied to C i 5380, N i 7486, and O i 6156-8 lines, we determined the abundances of C, N, and O for 100 mostly A-type main-sequence stars (late B through early F at 11000 K > ∼ T eff > ∼ 7000 K) comprising normal stars as well as non-magnetic chemically peculiar (CP) stars in the projected rotational velocity range of 0 km s −1 < ∼ v e sin i < ∼ 100 km s −1 , where our aim was to investigate the abundance anomalies of these elements in terms of mutual correlation, dependence upon stellar parameters, and difference between normal and CP stars. We found that CNO are generally underabundant (relative to the standard star Procyon) typically by several tenths dex to ∼ 1 dex for almost all stars (regardless of CP or normal), though those classified as peculiar (Am or HgMn) tend to show larger underabundance, especially for C in late Am stars and for N in HgMn stars of late B-type, for which deficiency amounts even up to ∼ 2 dex. While the behaviors of these three elements are qualitatively similar to each other, the quantitative extent of peculiarity (or the vulnerability to the physical process causing anomaly) tends to follow the inequality relation of C > N > O. Regarding the considerable starto-star dispersion observed at any T eff , the most important cause is presumably the difference in rotational velocity. These observational facts appear to be more or less favorably compared with the recent theoretical calculations based on the model of atomic diffusion and envelope mixing.
Introduction
It has long been known that a fraction of stars in the upper main sequence around A-type show unusual spectra characterized by conspicuous strengthening of specific metallic lines (or weakening of some lines such as Ca ii K), indicating that the abundances of relevant elements are anomalous in their atmosphere. These stars are thus called "chemically peculiar stars" (CP stars), which are further divided into several subclasses (e.g., Preston 1974) . Since the notable property of these CP stars that they are generally sharp-lined and thus rotate more slowly in comparison with normal stars, slow rotation is considered to be the important factor for producing abundance anomalies. Theoretically, the most promising mechanism for the origin of such chemical peculiarity is "atomic diffusion"; i.e., a kind of element segregation process caused by * Based on observations carried out at Okayama Astrophysical Observatory (National Astronomical Observatory of Japan) and Bohyunsan Astronomical Observatory (Korean Astronomy and Space Science Institute).
imbalance between the downward gravitational force and the upward radiative force, which effectively acts when the atmosphere/envelope is sufficiently stable to prevent from substantial mixing (see, e.g., Michaud, Alecian, & Richer 2015 ; and the references therein). In this scenario, slow rotation is regarded as a necessary condition to guarantee the stability required for the build-up of anomaly.
Among the elements involved in CP phenomena, the light elements C, N, and O (which are most abundant next to H and He and thus of profound astrophysical importance) exhibit rather unique characteristics, in the sense that they show deficiencies unlike many other heavier species tending to suffer overabundances, because upward radiative acceleration is not so large as to counter the downward gravity acceleration (e.g., Gonzalez, Artru, & Michaud 1995) . However, since the equilibrium surface abundances are eventually determined by how the hydrodynamical mixing process (e.g., meridional circulation, turbulence, mass loss, etc.) actually operates in the stellar envelope or atmosphere, the theoretical prediction heavily depends on the modeling details (e.g., how [Vol. , the mixing-related parameters are chosen), the validity of which has to be empirically checked in comparison with observations.
Unfortunately, previous observational studies of CNO abundances in A-type stars are not necessarily satisfactory in this respect, despite that a large number of spectroscopic investigations on the chemical abundances of CP and normal A stars have been published so far.
-First, the size and diversity of the sample is generally not sufficient, because such spectroscopic study published in a paper usually targets only a comparatively small number of stars. Moreover, they tend to be biased toward sharp-line stars of small v e sin i (projected rotational velocity) because of the increasing difficulty in analyzing the spectra of broad-line stars. In order to provide useful observational constraints for theoretical modeling of atomic diffusion, sample stars are desired to cover a wide range of relevant stellar parameters, which are considered to affect the prediction of surface abundance peculiarity (e.g., v e sin i, T eff ).
-Second, although a number of previous investigations (e.g., Fossati et al. 2007 Fossati et al. , 2009 Royer et al. 2014 ; and the references therein) included any of CNO (especially C or O) along with various other elements, only a few have focused on consistently studying the abundances for all the three in A-type stars and comparing them with each other (e.g., Roby & Lambert 1990; Leushin et al. 1992; Savanov 1995) . Actually, the pioneering work by Roby and Lambert (1990) , who studied the CNO abundances of 37 CP stars and 5 standard A and late-B stars, still remains as the most widely quoted study in this field. Especially, information of N abundances for such A-type and related stars is evidently insufficient, presumably because N lines generally suffer considerable non-LTE effect (Takeda 1992b; Rentzsch-Holm 1996; Lemke & Venn 1996; Przybilla & Butler 2001) . This situation should be redressed by all means.
Motivated by this circumstance, we decided to conduct a comprehensive study on the abundances of C, N, and O for a large sample of 100 late-B through early-F stars (including not only CP stars but also normal stars) covering sufficiently large ranges of stellar parameters (11000 K > ∼ T eff > ∼ 7000 K and 0 km s −1 < ∼ v e sin i < ∼ 100 km s −1 ), where the synthetic spectrum-fitting method was applied (inevitable for analyzing the spectra of broad-line stars) and the non-LTE effect was properly taken into consideration. This is kind of an extension of our previous work (Takeda et al. 2008 (Takeda et al. , 2009 ; hereinafter referred to as T08 and T09, respectively), in which C or O were included as target elements), but the sample has been considerably refined by adding new observational data and attention has been paid also to N. The points of interest which we want to clarify are as follows:
• Do the abundance trends of these three elements correlate well with each other? Or do they show any notable difference? What about their relation to the metallicity (Fe)? • How do the extents of peculiarity in C, N, and O depend upon the stellar parameters? Can we observe any dependence upon v e sin i or T eff ?
• Are there any distinct difference between CP stars and normal stars in terms of CNO abundances? Do stars classified as normal exhibit any sign of chemical peculiarity?
Observational data
Given the spectral data of a large number of stars of B-A-F types currently available to us (either the data already used in our previous studies or newly observed data), we selected our target sample by considering the following requirements: -As one of our main aims was to examine the effect of stellar rotation on CNO abundance peculiarities, we would like to include stars in as wide v e sini range as possible. However, according to our experience (T08, T09), abundance determination for very rapid rotators (e.g., v e sini ∼ 200-300 km s −1 ) is not easy and often fails, while our spectrum-fitting approach turned out successful for most stars of v e sini < ∼ 100 km s −1 . Since Abt and Morrell (1995) reported that abundance anomalies are seen mostly for stars with v e sini lower than ∼ 120 km s −1 , we decided to confine our targets only to those of v e sini ≤ 100 km s −1 . -Although our main emphasis is placed on A-type stars, they had better be discussed in company with early-F stars (where Am-like anomaly is also observed) and late-B stars (where HgMn peculiarity is seen), which are considered to be closely related.
-Among the various types of CP stars on the upper main sequence, we already learned that spectra of magnetic CP stars (in which variability is often involved) tend to be so complex that they can not be well fitted by the conventional spectrum modeling. Therefore, we concentrated only on non-magnetic CP stars (Am stars or HgMn stars).
-In order to investigate the cause of abundance peculiarity, studying a sufficient number of cluster stars altogether is useful, because they should have been born with the same initial composition. For this purpose, we included A-F stars belonging to the Hyades cluster.
Consequently, our program stars consist of 100 mostly A-type stars (late B through early F) on or near to the main sequence (luminosity classes of III-V) which have slow to moderately-high rotational velocities (0 km s −1 < ∼ v e sin i < ∼ 100 km s −1 ). Among these, about ∼ 30% are non-magnetic CP stars: 25 Am stars (from the spectral type given in the Hipparcos catalogue; cf. ESA 1997) and 5 HgMn (or Mn) stars (cf. table 1 of Takeda et al. 1999) . Besides, 16 stars (about ∼ 1/6) are Hyades stars. The list of these program stars is given in table 1. It may be worth noting that a significant fraction of our targets are spectroscopic binaries (data taken from Hoffleit & Jaschek 1991) , for which the high binary frequency in Am stars (cf. Preston 1974) may be at least partially responsible. However, apparently doubled-lined binaries (such as those difficult to be modeled by the theoretical spectrum simulated for a single star) are not included in our sample stars.
Regarding the observational data, we could avail ourselves of the spectra already at our hand for 71 stars and the standard star Procyon, which were used in our previous studies, as summarized in table 2. Meanwhile, the data of 29 stars were secured by our new observations carried out on 2017 August 22-23 and November 6 by using the 188 cm reflector along with HIDES (HIgh Dispersion Echelle Spectrograph) at Okayama Astrophysical Observatory. The data reduction was done in the standard manner by using IRAF, 1 which resulted in spectra with the resolving power of R ∼ 100000 covering the wavelength range of 5100-8800Å. For most of the spectra of our 100 targets, sufficiently high S/N ratios (typically on the order of ∼ 200) are attained.
Stellar parameters and model atmospheres
As in our previous studies (see the references given in table 2), the effective temperature (T eff ) and the surface gravity (log g) for each of the 100 program stars were determined from the colors of Strömgren's uvbyβ photometric system with the help of Napiwotzki, Schönberner, and Wenske's (1993) uvbybetanew program 2 , where the observational data of b − y, c 1 , m 1 , and β were taken from Hauck and Mermilliod (1998) via the SIMBAD database. Their typical errors may be on the order of ∼ 3% in T eff and ∼ 0.1 dex in log g for the present case of stars around A-type (cf. Sect. 5 of Napiwotzki et al. 1993) . Regarding the microturbulence (v t ), we adopted the analytical T effdependent relation derived in T08
(where A ≡ [log(10000/8000)]/ √ ln 2), which roughly represents the observed distribution of v t with probable uncertainties of ±30% (cf. Fig. 2b in T08) . The only exception is the standard star Procyon, for which we used Takeda et al.'s (2005b) spectroscopically determined values (T eff = 6612 K, log g = 4.00, and v t = 2.0 km s −1 ) in order to maintain consistency with T08. The adopted values of T eff , log g, v t are summarized in table 1. All the program stars are plotted on the logL vs. logT eff diagram (theoretical HR diagram) in figure 1 , where seven representative theoretical evolutionary tracks corresponding to different stellar masses are also depicted. We can see from this figure that the masses of our sample stars are in the range between ∼ 1.5M ⊙ and ∼ 5M ⊙ . More detailed data regarding the targets and their stellar parameters are given in the electronic table (tableE.dat) presented as the online material.
The model atmosphere for each star was then constructed by two-dimensionally interpolating Kurucz's (1993) ATLAS9 model grid (for v t = 2 km s −1 ) in terms of T eff and log g, where the solar-metallicity models were exclusively used as in our previous studies. We also com- puted the non-LTE departure coefficients for C, N, and O corresponding to each atmospheric model, which are to be used for non-LTE abundance analysis, by following the procedure described in Takeda (1992b) (for C and N) and Takeda (1992a Takeda ( , 2003 for O.
Determination of CNO abundances
Following our previous studies, we invoke the C i 5380.337 line (as in T08) and the O i 6156-8 feature comprising 9 components (as in T08, T09, Takeda et al. 2012 Takeda et al. , 2014 for deriving the C and O abundances. As to N, we decided to adopt the N i line at 7468.312Å, which has a suitable strength as an abundance indicator. The determination procedures of abundances and related quantities (e.g., non-LTE correction, uncertainties due to ambiguities of atmospheric parameters) are essentially the same as in our previous papers quoted above, which consist of two consecutive steps.
Synthetic spectrum fitting
The first step is to find the solutions for the abundances of relevant elements (A 1 , A 2 , . . .), projected rotational velocity (v e sini), and radial velocity (V rad ) such as those accomplishing the best fit (minimizing O − C residuals) between theoretical and observed spectra, while applying the automatic fitting algorithm (Takeda 1995) . Three wavelength regions were selected for this purpose: (1) 5375-5390Å region (for C), (2) 7457-7472Å region (for N), and (3) 6146-6163Å region (for O). More information about this fitting analysis (varied elemental abundances, used data of atomic lines) is summarized in table 3. How the theoretical spectrum for the converged solutions fits well with the observed spectrum is displayed in figures 2-4 for each region. The v e sin i values 3 resulting from the fitting of 6146-6163Å region are presented in table 1. We also adopted the solution of Fe abundance derived from the fitting of 6146-6163Å region as the metallicity of each star (given as [Fe/H] in table 1).
Abundances from equivalent widths
As the second step, with the help of Kurucz's (1993) WIDTH9 program (which had been considerably modified in various respects; e.g., inclusion of non-LTE effects, treatment of total equivalent width for multi-component lines; etc.), we computed the equivalent widths (W ) of the representative lines "inversely" from the abundance solutions (resulting from spectrum synthesis) along with the adopted atmospheric model/parameters; i.e., W 5380 (for C i 5380), W 6156−8 (for O i 6156-8), and W 7468 (for N i 7468), because they are easier to handle in practice (e.g., for estimating the uncertainty due to errors in 3 It should be kept in mind that we assumed only the rotational broadening (with the limb-darkening coefficient of ǫ = 0.5) as the macrobroadening function to be convolved with the intrinsic theoretical line profiles. Accordingly, ve sin i values for very sharp-line cases (e.g., ve sin i < ∼ 5-6 km s −1 ) should be regarded rather as upper limits because the effects of instrumental broadening and macroturbulence are neglected.
atmospheric parameters). The adopted atomic data for these lines are summarized in table 4. We then analyzed such derived W values by using WIDTH9 to determine A N (NLTE abundance) and A L (LTE abundance), from which the NLTE correction ∆(≡ A N − A L ) was further derived. Since we adopted Procyon as the standard star of abundance reference, which is known to have essentially the same abundance as the Sun (cf. Sect. IV(c) in T08; see also Takeda 
Error estimation
In order to evaluate the abundance errors caused by uncertainties in atmospheric parameters, we estimated six kinds of abundance variations (δ T + , δ T − , δ g+ , δ g− , δ v+ , and δ v− ) for A N by repeating the analysis on the W values while perturbing the standard atmospheric parameters interchangeably by ±3% in T eff , ±0.1 dex in logg, and ±30% in v t (which are the typical ambiguities of the parameters we adopted; cf. section 3). Finally, the root-sum-square of these perturbations,
1/2 , were regarded as abundance uncertainties (due to combined errors in T eff , log g, and v t ), where δ T , δ g , and δ ξ are defined as δ T ≡ (|δ T + | + |δ T − |)/2, δ g ≡ (|δ g+ | + |δ g− |)/2, and δ v ≡ (|δ v+ | + |δ v− |)/2, respectively. These δ T ± , δ g± , and δ v± are plotted against T eff in panels (d), (e), and (f) of figures 5-7. We can see that only δ T ± can be appreciably significant ( < ∼ 0.1-0.2 dex) reflecting the high-excitation nature of the adopted lines, while δ g± and δ v± are of negligible importance (insensitivity to changing v t is interpreted as due to the large thermal velocity for these light elements).
We also evaluated errors due to random noises of the observed spectra by estimating S/N-related uncertainties in the equivalent width (W ) by invoking the relation derived by Cayrel (1988) , δW ≃ 1.6(wδx) 1/2 ǫ, where δx is the pixel size (0.03Å), w is the full-width at half maximum (which may be roughly regarded as ∼ λv e sin i/c; where λ is line wavelength and c is the velocity of light), and ǫ ≡ (S/N) −1 ; typically ∼ 1/200). Then, we determined the abundances for each of the perturbed W + (≡ W + δW ) and W − (≡ W − δW ), from which the differences from the standard abundance (A) were derived as δ W + (> 0) and δ W − (< 0). We thus regard δ W ≡ 0.5(δ W + + |δ W − |) as the abundance uncertainties due to photometric noises.
Since the equivalent width error (δW ) is in the range of only ∼ 0.3-2 mÅ, the corresponding abundance ambiguity (δ W ) is generally insignificant (on the order of a few hundredths dex in most cases).
Exceptionally, however, in case of very weak lines, δ W can be appreciably large as much as several tenths dex. As a tentative criterion, we regard that the resulting abundance is unreliable if W is smaller than 3δ W . 4 We then found that 11 [C/H] figure 5a,c and figure 6a ,c.
Finally, combining δ T gv and δ W , we obtained the total error as δ T gvW ≡ (δ
1/2 , which are shown as error bars attached to the non-LTE abundances in panel (b) of figures 5-7. According the characteristics mentioned above, δ T gvW is generally dominated by δ T gv (i.e., δ T gvW ≃ δ T gv ), excepting the cases of very weak lines where δ W begins to show appreciable/dominant contribution. The detailed values of δ T gv , δ W , and δ T gvW for each star are given in "tableE.dat" (available as online material). From theoretical point of view, the diffusion model for the explanation of AmFm peculiarity predicts a T effdependent tendency; i.e., the extent of CNO deficiency progressively increases with decreasing T eff (e.g., figure 14 of Richer et al. 2000) . Interestingly, we can recognize such a trend in figures 8e-8g (and also in figures 9e-9g despite the rather narrow T eff range of ∼ 9000-7000 K) for the combined sample 5 of Am stars (red-filled symbols) and normal stars (open symbols). That is, the dispersion of [X/H] (X = C, N, O) grows and the lower envelope of the distribution shifts toward lower values with a decrease in T eff . This may be regarded as being in support of the recent theoretical models at least in the qualitative sense.
Comparison with previous work
Finally, we comment on the comparison of our results with several published studies mentioned in section 1. -Roby and Lambert (1990) dances of 13 Am stars, 9 HgMn stars, and 5 normal (standard) stars in the T eff range of ∼ 7000-15000 K, where most of the sample stars are sharp-lined with v e sin i < ∼ 50 km s −1 . They reported that the mean (C, N, O) abundances of Am stars and HgMn stars relative to standard stars to be (−0.2, −0.2, −0.4) dex and (+0.1, −0.7, and −0.3) dex. Although these extents of deficiency appear somewhat small compared to ours, we should bear in mind that normal stars are not guaranteed to have solar CNO composition, as revealed from this study. When we examine the absolute abundances (relative to the solar abundances) shown in their Fig. 1 (standard Fig. 7) , which is not consistent with our conclusion that even normal stars show some deficits in CNO. Again, this may indicate that non-LTE effect should be [Vol. , adequately taken into account for deriving the abundances of such light elements (as they also discussed in Sect. 4.1.2 therein). -Royer et al. (2014) 
Conclusion
Despite that many studies have been published regarding the photospheric chemical abundances in normal and chemically-peculiar A-type stars on the upper main sequence, only a limited number of spectroscopic investigations have been carried out so far concerning their abundances of CNO (light elements of astrophysical importance), which are known to be generally deficient in CP stars in contrast to many other heavier elements tending to be overabundant.
Motivated by this situation, we conducted a comprehensive spectroscopic study on the abundances of C, N, and O for 100 main-sequence stars of mostly A-type (late B through early F at 11000 K > ∼ T eff > ∼ 7000 K) comprising normal stars as well as non-magnetic CP stars (Am and HgMn stars) in the projected rotational velocity range of 0 km s −1 < ∼ v e sin i < ∼ 100 km s −1 , based on the high-dispersion spectra obtained at Okayama Astrophysical Observatory (new observation for 29 targets) and Bohyunsan Astronomical Observatory.
Our aim was to investigate the abundance anomalies of CNO from qualitative as well as quantitative point of view, especially in terms of their mutual correlation or correlation with Fe, dependence upon stellar parameters (T eff , v e sini), and difference between normal and CP stars.
Regarding the method of analysis, we applied the spectrum-fitting technique to C i 5380, N i 7486, and O i 6156-8 lines and evaluated their equivalent widths, from which the non-LTE abundances, non-LTE corrections, and sensitivities to perturbations in atmospheric parameters were derived.
The results of our analysis revealed the following observational characteristics regarding the CNO abundances of our sample stars:
• C, N, and O are underabundant for almost all cases (irrespective of a star is classified as peculiar or normal, though with a tendency of larger anomaly for the former) typically in the range of
• Moreover, distinctly large deficiencies as much as (Flower 1996) . Theoretical solar-metallicity tracks for 7 different masses (1.5, 1.7, 2, 2.5, 3, 4, and 5 M ⊙ ), which were computed by Lejeune and Schaerer (2001) , are also depicted by solid lines for comparison. 
